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A beech bark disease remediation harvest producing clean chips and sawlogs was conducted in 
the Adirondack Park of New York. A cost analysis was conducted to assess the financial 
viability of the remediation prescription using high resolution data gathered from the logging 
company. This primary, site-specific data was also fed into an attributional life cycle assessment 
model to estimate the global warming potential of this method of raw materials extraction and 
delivery. The logging company produced a total profit of $5,965 despite the prescription 
requiring the feller-bunchers to spend 35% of their time on non-revenue-generating activity. The 
life cycle assessment model estimated 39.77 and 26.16 kg of carbon dioxide equivalent were 
emitted per metric tonne of clean chips and sawlogs, respectively. These case studies found this 
remediation technique economically viable enough for landowners to seriously consider its 
implementation, and that mechanized harvesting captures far more carbon than it emits. 
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 Beech bark disease is a serious pathogen which has been spreading through northeastern 
North America since the late 19th century. The infestation of beech bark disease deteriorates 
beech trees and can re-infest beech trees for generations within a single forest stand. The biology 
and ecology of this issue has been studied heavily, and methods to rectify the environmental 
conditions have been developed (Beaudet and Messier 2008; Bond and Nyland 2003; Cale et al. 
2017; Farrar and Ostrofsky 2006; Geincke et al. 2014; Houston et al. 1979a). Unfortunately, the 
cost of most remediation strategies is relatively high, which may be preventing landowners from 
investing in management action. A shelterwood harvest was designed and opened to bidding in 
the Adirondack Park of New York and was subsequently harvested in the winters of 2020 and 
2021. Two case studies were conducted using data that was collected during the first half of the 
harvest in 2020. The first is a financial viability and cost analysis of the harvest, and the second 
is an attributional life cycle assessment of the same harvest. 
 Methods of harvesting beech bark disease infested forests have shown that improvements 
in the quality of growing stock can be made, but the actual financial implications of any such 
methods have received much less attention than the effects of harvesting. As the pressures on 
loggers has increased recently due to the development of best management practices and rising 
fuel costs, a better understanding of how these harvests would impact their bottom line could 
increase their willingness to consider and accept these jobs. This case study analyzed the costs 
associated with shelterwood harvesting as a remediation strategy, determined the site and market 
conditions that would allow for profitable harvesting, and describes the various characteristics 
that would prevent this strategy from being financially viable.  
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 Life cycle assessments are designed to holistically approach a product or system in order 
to capture all the resultant environmental impacts of such system. As global warming continues 
to worsen, life cycle assessment is expected to illuminate a way for decision-makers to set us on 
a sustainable trajectory. This life cycle assessment is not intended for influencing decision-
making, but to objectively measure the global warming potential of mechanized harvesting. The 
results from this study should serve as a baseline for future forest harvesting life cycle 


















Chapter One: Assessing the Economic Viability of a Mechanized Beech Bark Disease 
Remediation Harvest 
Abstract 
 Beech bark disease is a pathogenic complex that has been spreading throughout 
American beech’s range since the 1800s. A litany of negative consequences have manifested 
from the infestation of this disease, many of which deteriorate the ecological functions of 
forestland and threaten their future existence. This case study sought to analyze the cost structure 
for removing beech bark disease via mechanized shelterwood harvesting using the Planning 
Analysis for Timber Harvesting tool (Bick 2017). High resolution data regarding the day-to-day 
operation of harvesting equipment was collected using daily production journals. Interviews 
were conducted with the logging owner and maintenance supervisor to gather additional 
information required to calculate machine costs, overhead, job specific costs, and trucking costs. 
The yield from this harvest was 99.5 MBF of sawtimber and 4,893 metric tonnes of clean chips 
at a unit cost to the logger of $193.61/MBF and $42.28/tonne, respectively. The total harvesting 
cost equated to $4,650.67/ha, with the cost attributed to removing beech at $204.47/ha. Despite 
the additional cost of beech removal, the logger generated a total profit of $5,965 and a return on 
investment of 7.5%, allowing us to conclude that mechanized harvesting can be a viable beech 
removal strategy given the correct stand and market conditions are in place.  
 
Introduction 
 Beech bark disease (BBD) is a pathogenic insect-fungus complex spread by the feeding 
of bark scale insects (Cryptococcus fagisugae Lind. and Xylococculus betulae Perg.) and the 
subsequent infection of Neonectria faginata and N. ditissima (Cale et al. 2017; Ehrlich 1934; 
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Houston et al. 1979a; Houston and O’Brien 1983). Arriving in Nova Scotia prior to 1900 
(Hawboldt 1944; Hewitt 1914), BBD has since spread through much of American beech’s 
(Fagus grandifolia Ehrh.) range, reaching the Great Smoky Mountains National park by 1986 
and confirmed in Michigan by 2000 (Rumble et al. 2020; Witter et al. 2004). Shigo (1972) 
identified three phases of BBD: an advance front, in which most trees become infested with 
beech scale to some degree; a killing front, wide-spread infection-induced mortality occurs; 
followed by aftermath forests, comprised of dense beech thickets and severely deformed trees of 
low vigor. Thickets are believed to develop from a combination of root sprouts and seedlings that 
proliferate after a decline in the beech canopy due to reduced vitality (Giencke et al. 2014; 
Houston 1975). Root sprouts exhibit up to triple the lateral extension than seedlings (Beaudet 
and Messier 2008) and thickets create light conditions too perilous to successfully regenerate 
sugar maple (Hane 2003), one of the most shade-tolerant and important species associated with 
beech. Reductions in native biodiversity, species richness, and aboveground biomass have been 
recorded in BBD aftermath forests and are the result of altered forest structure and reduced vigor 
of mature trees (Cale et al. 2013; Cale et al. 2015; Forrester et al. 2003; Rumble et al. 2020). 
Taken together, BBD presents an existential threat for timber and non-timber forest values in 
beech forests and deserves the immediate attention of forest owners in the east and northeast 
regions of the United States. 
 Without intervention, heavily infected forests can infect beech trees intergenerationally 
for decades (Cale and McNulty 2018; Houston 1975). Under the pretense of climate change, 
beech susceptibility to infection as well as scale insect and fungal survivorship are expected to 
increase (Jactel et al. 2019; Stephanson and Coe 2017). Given the prospect of increasingly 
stressful conditions for American beech and increasing spread of BBD, and its current extent of 
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infection, a failure to take managerial action will ensure the loss of ecosystem functions for 
generations. Beech is an important component in the most abundant forest cover type of the 
North, maple-beech-birch, doubling in size to over 50 million acres from 1953 and 1997, and 
projected to continue growing at a similar rate until 2050 (Alig and Butler 2004). Forest 
remediation is evidently necessary, as this issue is only expected to spread and there is no 
evidence to suggest it will dissipate naturally.  
 Despite its century-long presence in North America, little has been done to reverse the 
impacts of BBD. While the biology and ecology of BBD is well understood, significant reviews 
of which are provided by Houston (1994a) and Cale et al. (2017), any breakthroughs in 
management strategies have been unsuccessful in instigating widespread implementation. 
Herbicides are effective in removing beech thickets (Ostrofsky and McCormack 1986), but 
treating forests on a landscape scale would be prohibitively expensive for even large landowners, 
and given the negative perception of herbicides by the public (Wagner et al. 1998), coordinated 
efforts by smaller landowners is unlikely. Brush-saws are effective for removing beech thickets, 
but would similarly involve exorbitantly high costs because of the broad expanse of thickets 
(Forrester and Bohn 2007). Several studies have investigated the efficacy of harvesting methods 
to reduce the presence of BBD and dense understories (Bohn and Nyland 2003; Leak 2006; 
Farrar and Ostrofsky 2006; Filip 1978; Houston 2001; Mielke et al. 1986; Nyland 2004), yet 
none have explicitly examined the financial implications of mechanical removal. It is possible 
that the costs of harvesting will deem their implementation an investment in the forest property 
but, as Ostrofsky (2004) pointed out, the benefits of reclamation to future productivity are likely 
to outweigh the initial costs after the first rotation. Competitive prices for raw materials and a 
healthy logging sector are important, perhaps often overlooked, parts of effective forest 
6 
 
management. Completing a harvest that does not provide sufficient revenue to cover costs is not 
economically viable for logging firms, regardless of stumpage or contract rates, and this risk is 
likely a reason little action has been taken to reduce the effects of BBD. Even if a landowner 
were to contract a logger to harvest their forest, a logger may still abstain because the costs could 
be too high to be covered by payments from landowners or mills (Germain et al. 2016; Regula et 
al. 2018). The reason landowners are not contracting loggers for remediation could be because 
the requisite contract rates to entice a logger may be too high given the uncertainty regarding the 
efficacy of remediation methods. Contracting a logger is common for timber stand investment or 
pre-commercial thinning operations because the ecological and financial benefits are well 
documented, something that is unknown for BBD remediation. For landowners that are not 
interested strictly in financial benefits, there is not sufficient evidence to support investing in a 
remediation treatment that will not legitimately improve forest conditions.  
 Some of the earliest studies of mitigating BBD took place at the Bartlett Experimental 
Forest in New Hampshire. In a 1978 Forest Service Report, Filip (1978) presents the findings 
from two, successive, single-tree selection harvests that occurred in 1952 and 1975. There is no 
cost analysis involved, but the report shows that the harvests successfully increased the 
proportion of merchantable timber in the stand as well as improved the proportion of grade 1 and 
2 logs among the non-beech sawtimber. There is no indication that single-tree selection is 
effective in reducing the presence of BBD or the relative proportion of beech, but this does 
support the idea that timber stand improvement can improve the financial outlook of aftermath 
forests by increasing the potential for high quality sawtimber. Leak (2006) compares three 
management approaches in the Bartlett forest that include multiple single-tree selection cuttings 
since 1952 in an uneven-aged stand, an uneven-aged stand that received one cut between 1952-
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53, and a 100-year-old stand that was commercially thinned  in the 1950s. Their findings show 
that uneven-aged management corresponds with a greater degree of merchantable beech trees, 
and an improvement in the grade of sawlogs, although no costs are provided for any of the 
management strategies. Kochenderfer et al. (2004) reported application costs and efficacy of 
controlling American beech with herbicides in West Virginia. Costs of herbicide application, 
including chemical and labor, ranged from $97.06/ha for injecting 393 stems/ha greater than 15 
cm in diameter, up to $568.56/ha for spraying 9,249 stems/ha less than 2.5 cm in diameter. Both 
injection and spraying were up to 99% effective in killing beech a year after treatment. Although 
this method is highly effective, this can be a tremendous cost for both industrial and non-
industrial private landowners who may not have sources of revenue to offset these investments. 
Bohn and Nyland (2003) concluded that the development of understory beech following cutting 
treatments was determined by the pre-cut levels of beech, and unless a stand has previously low 
levels of beech, that it is likely to become the most abundant species after harvest. Farrar and 
Ostrofsky (2006) showed that beech regeneration is higher for winter harvests up to ten years 
after cutting and illustrated that clearcutting may not be an ideal management tactic because 
disease-resistant beech declined and died due to exposure. It appears silvicultural practices aimed 
at decreasing BBD and beech presence should attempt to remove enough overstory to allow less 
shade-tolerant trees to regenerate more than beech, but may need to retain some cover from 
mature trees to protect the vitality of resistant beech. Site preparation via herbicide treatments 
could increase the efficacy of harvesting, but could easily induce costs that would overcome 
revenue generation if there were not quality sawtimber on site. The bottom line is that there are 
many factors to consider when implementing BBD remediation, and even the most effective 
strategies will not be implemented unless landowners and loggers can afford them. 
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Communicating the financial uncertainty associated with remediation harvests to loggers is 
essential to allow them to remain economically sustainable, which will in turn ensure successful 
forest management can continue (Germain et al. 2016; Regula et al. 2018; Germain et al. 2019). 
 This study seeks to identify the circumstances that would allow a logging company to 
conduct a large-scale remediation harvest and generate enough revenue to cover all costs 
involved under a stumpage contract. As Regula et al. (2018) report, operational margins can be 
very narrow for many logging companies conducting regular harvests due to such factors as 
harvested volume, BMP implementation, stumpage contract rates, rising fuel costs, and financing 
terms for equipment. The economic viability of a logging job is dependent on the logging 
company’s ability to cover fixed costs (e.g., payments for equipment, insurance) and variable 
costs (wages, fuel, etc.) while generating enough profit to reinvest in the company to offset the 
depreciation of machine value. In this study, we analyze operational characteristics that affect 
profit margin and return on investment (ROI), which controls the ability of a company to 
continue operating in the long-term. For this case study, ROI is defined as the ratio of total profit 
to the total value lost in machine equity through operation on this particular logging job, or 
simply the ratio of total profit to total depreciation of all assets associated with this specific 
logging job. A range of market and site conditions were used to illustrate how the economic 
viability of a BBD remediation harvest may vary across its range. Our specific objectives for this 
case study are: 
• Determine the significant sources of cost from this method of BBD remediation. 
• Calculate the cost to cut, skid, and land sawtimber and clean chips. 









 The harvest for this case study was conducted during winter of 2020 in Huntington 
Wildlife Forest (HWF), a property owned by SUNY College of Environmental Science and 
Forestry. Located within the Adirondack Park of upstate New York, illustrated in Figure 1.1, 
where basal area of beech is among the highest of any forests within its range (Morin et al. 
2005), the HWF represents some of the worst aftermath forest conditions caused by BBD. The 
most recent commercial operation in the selected stands occurred in 1954, when the basal area 
was reduced from 28.65 to 16.3 m2/ha. Beech stems under 1.3 cm (.5 inch) in diameter 
ballooned from 2,347 stems per hectare in 1956 to nearly 8,896 in 2015. The site was chosen 
because of other ongoing ecological studies into the impacts of BBD, and the post-harvest 
conditions will serve as the experimental treatments for such studies. The harvest consisted of 
seven, paired, control-treatment blocks, however only two such harvesting blocks were included 
for this study, blocks T1 and T3, illustrated in Figure 1.2, which have a combined area of 48.63 
hectares. The sawmill is located 70.7 kilometers from the landing, and the paper mill is 101.5 
kilometers away. 
 The site is located approximately 8 miles from NYS Route 28N on a forest road, shown 
in Figure 1.3, and the harvest was restricted to the winter season to reduce impacts of soil 
compaction. Taken together, these characteristics contributed job specific costs to the operation 
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through winter road preparation and maintenance that would otherwise not be realized for 
roadside or summer harvests. Although relatively minor compared to other costs of forest 
harvesting (e.g., transportation of products, depreciation, machine operation), these are features 
that logging companies are most capable of avoiding through their assessment of potential 
harvests. Implementing this remediation strategy where revenue from forest products is not 
predicted to be significant may be limited by the willingness of loggers to bear the financial risks 
of operation. This harvest, for example, was completed using a stumpage contract where the 
logger assumes all the financial risk of harvesting. Utilizing a timber sale prospectus provided by 
the landowner, the logger submitted a stumpage bid based on unit volume that encompassed the 
estimated sawtimber and chipwood from the timber sale. This was not a lump sum sale, but 
rather a mill-run sale in which periodic payments to the landowner were based on load tallies 
from the destination mills. Considering that a few thousand dollars can determine whether a job 
is profitable or not, harvests that share all these characteristics may therefore require additional 
financial assurances by the landowner to ensure the harvest is conducted. The willingness of 
landowners to commit to contract payments is then limited by the uncertainty regarding the 
efficacy of remediation. Because this study will be unable to assess the ecological efficacy of the 
harvest, the results will not provide insight into whether this method of remediation is 
worthwhile from the landowner’s perspective, and thus focuses on the financial risk that would 




Figure 1.1. Huntington Wildlife Forest located within the Adirondack Park of up-state New 
York. 
 








 The prescription was effectively a modified shelterwood harvest where, in addition to the 
overstory reduction, all beech stems greater than 1.5 meters (5 ft)  tall were removed. Cutting 
blocks T1 and T3 had pre-harvest basal areas of 38.7 m2/ha (169.9 ft2/ac), with beech 
comprising 11.4 m2/ha (49.5 ft2/ac). Both cutting blocks had a target basal area of 9.2 
m2/ha (40 ft2/ac), with the stipulation that all beech stems were removed save for marked trees 
showing signs of disease resistance. The logger used a fully mechanized harvesting system 
consisting of two tracked feller-bunchers, four grapple skidders, two log loaders, and a flail 
chipper. The feller-bunchers cut and bunched marked trees and used a continuously moving saw 
(hot-saw) to cut small diameter beech stems. Grapple skidders then hauled the bunches to the 
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landing where the log loaders topped and delimbed trees while sorting sawtimber from chip 
material. All harvested beech, along with lower grade material from other species, were fed into 
a flail chipper which debark and chip pulpwood for paper manufacturing. Sawtimber of various 
commercial species, predominantly sugar maple, yellow birch, and white ash, were harvested for 
lumber. Processes conducted at the landing include topping, delimbing, slashing, and chipping, 
and are hereafter referred to as “landing”.  
 
Daily Production Journals 
 To measure the productivity and efficiency of the harvest, a time-motion study was 
implemented using daily production journals. Although time-motion studies have been used to 
study forest harvesting (Behjou et al. 2008; Lowell et al. 2008; Pan et al. 2008), they often use 
electronics to measure the time and output by machine and task (Contreras et al. 2017; Bilici et 
al. 2019; Botard et al. 2015; Szewczyk et al. 2014). No such electronics were available for this 
study, but daily production journals allowed equipment operators to quickly record necessary 
information to calculate productive machine hours (PMH), as well as production details specific 
to their machine. The journals were designed to capture data of interest, but without requiring so 
much detail that it would contribute a significant amount of time to delays. Fields such as start 
and end times, maintenance delays, weather, and terrain were included for all the machine 
journals. Fields specific for their machine included time spent cutting non-commercial beech 
stems for the feller-bunchers, number of hitches and average skid distance for skidders, and 
proportion of beech processed by log-loaders. Additional information—including fuel 
consumption, wages, maintenance costs—was collected via interviews with the company owner 
14 
 
and the maintenance supervisor. Scanned copies of completed journals for the feller-buncher, 
skidder, and loader/chipper are depicted in Figures 1.4, 1.5, and 1.6, respectively.  
 




Figure 1.5. Example of the daily production journal for the skidder operators.  
 




 The cost analysis for this study was conducted using Planning and Analysis for Timber 
Harvesting (PATH) 2.1, an excel software to assist loggers understand their operational costs 
(Bick 2017). Machine rates, trucking costs, and overhead were calculated using this program, 
and the results of which were used to calculate the overall feasibility of the harvest. Specific data 
field inputs for PATH 2.1 are summarized in Table 1.1.  
 Productive hours were measured using the scheduled machine hours, which is calculated 
using the daily start and end times for each machine, and then subtracting time lost to delays and 
breaks. The productive hours were then compared to the scheduled hours, and the ratio of these 
values, the utilization rate, was subsequently calculated and entered into PATH. Equipment 
acquisition costs were provided by the owner along with financing arrangements for each piece 
of equipment. The entire regular maintenance history for each machine was provided, and a 
summation of these costs was divided by the total machine hours to date to calculate the repairs 
and maintenance costs per productive machine hour, as required by PATH. The expected annual 
use of each machine was calculated by dividing the lifetime machine hours by years of 
ownership, and the expected hours until major repairs was estimated by considering the age of 
the equipment and annual use. The logger provided their cost of lubricant, which was 
extrapolated using the production journals to estimate the cost of lube per one thousand hours of 
use. Hourly operator costs and fuel costs were provided by the logger and entered directly into 
PATH. An average daily fuel consumption was estimated for each machine by the maintenance 
supervisor, and total fuel use for the entire job was provided by the owner. By dividing the daily 
use into the total use, a precise measurement for the rate of fuel consumption was entered into 
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PATH for each machine. Insurance rates were estimated by machine based on their lifetime 
hours and age, based on similar rates found in the literature.  
 Over the course of interviews with the logger, values were determined for each category 
involved with overhead costs. Insurance rates, including worker’s compensation, wages, rent, 
and pension plans were among the largest sources of overhead. After a value was agreed upon, 
the owner certified the estimates with their accountant, and were then verified against the 
literature. Ultimately, the daily overhead was determined to be accurate based on the 
characteristics and size of the company.  
 The acquisition cost, financing details, and mileage for the trucks involved with 
transporting equipment and timber products were provided by the company’s owner. Then a 
generic lifetime mileage was entered for more generalizable results. The maintenance supervisor 
provided the interval to grease and oil the trucks, and an estimate for the maintenance cost per 
thousand hours. Upon entering these details for each truck involved, a cost was generated that 
represents the cost of depreciation for every mile of truck transport. Lastly, the owner provided 
the driver wages so the total trucking costs could be calculated. Due to inconsistencies between 
the number of drivers or loads delivered per day, the trucking costs were not calculated using 
PATH’s trucking sheet, but rather by taking the cost per mile calculated by PATH and the driver 
wage per trip provided by the logging owner and multiplying these values by the number of trips 
and number of miles traveled by trucks.  
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Table 1.1. Input fields for PATH 2.1 with their descriptions and assumptions (adapted from 
Regula et al. 2018).
 
Input Description Assumptions & supplemental sources
Acquisition cost  The original purchase price, including taxes and delivery fees
This will also include the capital costs of any improvements made to 
a machine at the time of acquisition (e.g., fixing up a used piece of 
equipment).
Financed amount The financed portion of the acquisition cost, if any
This rate is used to calculate the alternative return on investment for 
these funds for a time period equal to the useful life of the machine 
and then converted into an hourly rate.
Opportunity cost (rate)
The alternative rate of return for any funds used for a down 
payment on this piece of equipment
Loan interest rate The loan interest rate, if financed
Loan term The loan term, if financed
Machine ownership life 
(hours)
The number of hours this machine can be expected to be in 
service in its useful life
Machine hours until 
significant overhaul or 
repairs
The machine hours until a significant overhaul or repairs
This information allows calculation of a periodic hourly rate, rather 
than a lifetime rate. Actual depreciation of machines is steeper at 
the beginning of their useful life; this information accounts for that. 
Significant overhauls require recalculation of a new rate as they 
constitute further investment in the machine.
Percent of cost to 
depreciation
The percent of the machine’s value that will be depreciated 
between the original acquisition cost and the next significant 
repair
This input allows calculation of a machine rate for a segment of the 
machine’s life, more closely matching the actual loss of machine 
value that occurs. PATH 2.1 uses hourly depreciation as the measure 
of investment in individual harvesting jobs.
Expected annual use 
(hours)
The number of hours the machine is used in a year on average
This input is used in converting the fixed cost of insurance and the 
alternative annual return for cash invested in the equipment into 
hourly rates.
Residual value This is the salvage value
This value represents a fixed (non-depreciating) amount of 
investment in the machine. An annual return on this investment is 
expected. PATH 2.1 accounts for the return on this investment that 
is included in individual jobs.
Repairs and maintenance 
cost per PMH
Hourly repairs and maintenance costs This was supplied by loggers.
Fuel cost per gallon The fuel cost per gallon This was supplied by loggers.
Fuel consumption rate 
(gallons/hour)
This is the fuel consumption rate (gallons/hour) This was supplied by loggers.
Lube costs per thousand 
hours of service
This includes costs of oil changes and grease This was supplied by loggers.
Hourly operator costs
This includes the operators’ hourly wage, workers’ compensation, 
and benefits
To calculate hourly operator cost to the employer, we doubled the 
operator’s hourly wage to include benefits
Ratio of machine hours to 
operator time
This is the percent of the operator’s time that is actually spent 
operating the machine
This is used to calculate the cost of the labor per productive machine 
hour. For example, if the hourly operator cost is $30 and the ratio of 
machine hours to operator’s time is 80%; the cost per machine hour 
is $37.50 ($30 ÷ 0.8).
Annual insurance costs The cost of replacement insurance on the machine
This only applied if the machine was actually insured (usually as a 
requirement of the financing).
Daily overhead
This is used to capture other business expenses (e.g., non-
productive labor, liability insurance, advertising, pickup truck 
expenses, legal and professional services, office expenses, and 
other items typically found in IRS Form 1040 Schedule C)
Job-specific costs
One-time costs directly associated with an individual harvest (e.g., 
moving costs [one way], road improvements, BMP costs)
Number of days on the 
job
This represents all productive days on the job
This is used to calculate the total overhead associated with the job 
(i.e. # of days x daily overhead).
Production This includes product name, total production, and price Final production volumes were verified with foresters.
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Sensitivity Analysis of ROI 
 System viability, from the logger’s perspective, was assessed by comparing their costs 
and revenues with their total investment in the harvest. Profit was calculated by summing the 
overhead investment, site specific costs, machine rates, which includes depreciation and wages, 
and stumpage payments to the landowner, then subtracting that value from total revenue. This 
calculation of profit can determine whether the logger broke-even on the harvest, but we believe 
ROI is a more useful metric of viability than profit alone because of its implications regarding 
the ability of the company to reinvest in equipment, ensuring the future status of the company. 
ROI measures the amount of return on an investment relative to the investment’s cost and is 
calculated by dividing profit (total revenue-total costs) by the investment (sum of fixed hourly 
investment costs and depreciation). 
 The prices for sawtimber were sourced from a price sheet provided by the hardwood mill, 
and the unit price for clean chips was confirmed by the logger. Although these prices are subject 
to change by year or by the relationship between the mill and logger, they are necessary to 
determine the financial implications of the harvest. To reflect this range of values in the market, 
we examine different purchasing prices for clean chips to simulate the viability of this harvest if 
it were to take place in a region void of competitive chip markets. Chip markets are also not 
ubiquitous throughout American beech’s range, so we analyzed how ROI would be impacted by 
substituting clean chips for fuel chips. Finally, the ability of a stand to generate high quality 
sawtimber is variable throughout the range of BBD, so we examine the impact on ROI for 
producing strictly clean chips or dirty chips. 
 Our estimates of profit and ROI depend, in part, on our calculations of machine rates 
using PATH. We conducted a sensitivity analysis of profit and ROI to determine how they shift 
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when the machine rates vary by intervals of 2%, up to a 10% increase. This illustrates how other 
logging companies might fare in this harvest if they experienced more expensive operative costs. 
During this analysis we held the costs of product delivery, job specific costs, and overhead 
constant to elucidate the sole impact of machine costs on harvest viability.  
  
Results 
 The harvest yielded 99.5 MBF of sawtimber and 4,893.9 metric tonnes of clean chips 
which were sold to the mills at an average purchasing price of $609.52/MBF and $57.32/tonne, 
which resulted in a total revenue of $341,162. The logger was under a stumpage contract with 
rates averaging $235.51/MBF for sawtimber logs and $7.17/tonne for chips, and subsequently 
paid the landowner a total of $58,496.50 for stumpage. The total cost of harvesting was defined 
as the combination of machine rate costs, trucking, overhead, and job specific costs. Daily 
overhead was estimated at $2,440 per day, and with a total of 31 days of harvesting, the overhead 
costs were a total of $75,640. The biggest contributions to overhead costs include worker’s 
compensation and health insurance, which must be provided for all nine members of the 
harvesting crew. While there are individual choices each logging firm can take to reduce their 
overhead, this is largely a function of the size of the company, specifically the number of 
employees and price of insurance. The machine rates and trucking rates were multiplied by the 
productive hours for each machine, and the total distance traveled by trucks, to yield costs of 
$135,578 for machines and $50,539 for trucking. Finally, job specific costs were calculated by 
estimating the cost of BMP implementation, road preparation, and equipment staging that are 
unique to this harvest. Based on the trucking rate and machine rates for the bulldozer, grader, and 
excavator, the machines used for these purposes, our estimate of job specific costs was $14,943. 
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These combined costs total $276,701 and, given the generated revenue, the total profit for this 
harvest was $5,965.60. Investment totaled $79,905, which results in an ROI of 7.5%. Revenues 
from sawtimber and chips are presented in Tables 1.2 and 1.3. Table 1.4 provides the calculation 
for machine costs and Table 1.5 summarizes the other contributions to total cost. The largest 
costs of this harvest were overhead, stumpage, and trucking, although the combined costs of 
machines represent the largest portion of total costs. Table 1.6 summarizes costs and revenue to 
generate profit, and Table 1.7 summarizes the investment through depreciation used to calculate 
ROI. A breakdown of costs by harvesting activity is provided in Figure 1.7. 
 
Table 1.2. Volume and revenue of sawtimber, by species. 
  




Species Volume (MBF) Revenue ($)
Sugar Maple 65.445 44,610.00
White Ash 25.4 11,509.85
Yellow Birch 5.1493 3,294.85
Red Maple 1.785 678.88
Black Cherry 0.605 235.63
Paper Birch 0.507 176.38
A. Basswood 0.375 110.13
Red Spruce 0.205 41.00
Total 99.5 60,656.72
Species Group Volume (tonnes) Revenue ($)
American Beech 4536.62 260,006.24




Table 1.4. Machine costs calculated using machine rate multiplied by PMH. 
 
 
Table 1.5. Other sources of harvesting cost. 
 




Machine $/PMH PMH Cost
2014 Feller-buncher 95.76 153.2 14,667.67$       
2012 Feller-buncher 96.26 139.0 13,380.13$       
2017 Skidder 84.83 184.7 15,663.10$       
2011 Skidder 89.00 152.4 13,565.94$       
2007 Skidder 88.27 146.1 12,898.91$       
2015 Skidder 94.14 85.8 8,073.43$         
2006 Flail chipper 133.71 171.3 22,901.54$       
2006 Loader 86.02 180.2 15,504.07$       
2004 Loader 77.07 141.6 10,912.12$       
2014 Utility truck 71.53 112.0 8,011.36$         






Revenue 341,161$         
Stumpage (58,496)$          
Machine Cost (135,578)$        
Overhead (75,640)$          
Job Specific Cost (14,943)$          
Trucking (50,539)$          
Profit 5,965$              
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Table 1.7. Summary of investments using depreciation rate multiplied by PMH for harvesting 
equipment, by kilometers for trucks, and by day for other property. 
 
 
Figure 1.7. Breakdown of all harvesting costs by activity. 
Source of Investment Inv$/PMH PMH Depreciation
2014 Feller-Buncher 49.92$      153 7,645.40$    
2012 Feller-Buncher 49.18$      139 6,836.02$    
2017 Skidder 39.68$      185 7,325.99$    
2011 Skidder 43.56$      152 6,638.74$    
2007 Skidder 41.58$      146 6,076.07$    
2015 Skidder 45.42$      86 3,894.93$    
2006 Flail Chipper 66.71$      171 11,426.18$  
2006 Log Loader 39.63$      180 7,141.61$    
2004 Log Loader 34.74$      142 4,917.94$    
2000 Bulldozer 98.67$      28 2,762.67$    
2004 Grader 68.89$      27 1,860.00$    
2006 Excavator 48.67$      50 2,433.33$    
2014 Utility Truck 27.68$      112 3,100.16$    
Inv$/km km
Trucks 0.17$        42959 7,302.99$    
Inv$/Day Days
Non-Equipment Property 12.00$      31 372.00$       




 The sensitivity analysis of machine rates illustrates how increases in the cost to operate 
the in-woods machinery affect the ability of the logger to generate a profit. Our results show that 
as little as a 4% increase in the cost to operate machinery would reduce this harvest to a break-
even operation for the logger. As one might expect, the gradual increase in operating expenses 
results in a direct reduction in profit margin and ROI. Table 1.8 presents the findings from this 
sensitivity analysis. Operating costs that could increase the machine rate calculation include the 
purchasing price of the equipment, the amount of the purchasing price that was financed, the 
repair and maintenance costs, fuel costs, operator costs, equipment insurance, and utilization rate 
of equipment. By coarsely increasing all machine rates by 2-10%, incrementally, we can see how 
only marginal increases in machine characteristics can result in turning a profitable harvest into 
an operation that only partially covers costs while losing value to equity via depreciation. The 
depicted impact on ROI is a linearly inverse relationship with rising machine rates, but we want 
to note that we held the investment costs constant. The general relationship would remain inverse 
with rising machine costs, however the actual ROI for a given machine rate could fluctuate based 
on the predicted resale value of the equipment. Regardless, other logging companies should 
understand that as their operating expenses increase, their ability to generate profit will diminish, 






Table 1.8. Incremental increases in machine rate and the corresponding changes in operating 
expenses, profit, and ROI. 
 
 
 Throughput, as defined by Goldratt (1991), is the rate of revenue generated through sales. 
In the context this harvest, throughput is directly controlled by the rate of productivity to cut, 
skid, and land whole trees that will produce sawlogs and clean chips. By this definition, activities 
such as daily maintenance and breaks would not contribute to throughput, nor would skidding 
slash off the landing and distributing it on skid trails, a common best management practice. The 
task of cutting non-commercial beech stems was predicted to be a significant source of cost 
because of this time invested in non-throughput activity. Of the 292.2 PMH from the feller-
bunchers, 103.6 hours were spent cutting non-throughput material, an additional cost of 
$9,942.58 and an additional investment of $5,136.83 through depreciation. This time and 
investment spent cutting non-throughput material encapsulates the additional cost of this 
harvesting method that differentiates it from standard shelterwood harvests. Theoretically, 
keeping other variables constant, this means the profit could have been as high as $15,907.85, 
with an ROI over 21%, if there were no beech stems to cut in the understory. This operation 
would not be implemented if there were no beech understory, so a more useful comparison may 
be to consider how profit and ROI would change if there were a proportional relationship 
Machine Rate Increase Operating Expenses Profit ROI
0% 276,701$                  5,965$           7.5%
2% 279,607$                  3,059$           3.8%
4% 282,514$                  152$              0.2%
6% 285,421$                  (2,755)$          -3.4%
8% 288,328$                  (5,662)$          -7.1%
10% 291,234$                  (8,568)$          -10.7%
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between the basal area of American beech, and the time that would be spent removing the 
understory of an infected stand. This relationship is likely much more complex and more 
specifically dependent on the severity of infection, but an analysis to that degree was beyond the 
scope of this case study. Using the density of beech interpolated by Morin et al. (2005) using 
Forest Inventory and Analysis data from the USDA Forest Service, American beech comprises 
less than .2 up to 3 m2/ha throughout most of its range and can be as high as 3-7 m2/ha in the 
densest pockets of its range. The pre-harvest inventory for this harvest indicated over 11 m2/ha 
of beech, which corresponds with the 35% of the feller-buncher time spent on non-commercial 
beech. Assuming time feller-bunchers spent producing throughput remains constant, 188.6 hours, 
we varied total feller-buncher PMH to examine costs and ROI when time cutting non-throughput 
beech accounted for 30% of PMH and decreasing intervals of 5% thereafter which correspond 
with proportional reductions in the basal area of American beech. The results of this analysis are 
provided in Table 1.9 and depict a linear increase in ROI of 2% for every 1.6 m2/ha reduction in 
basal area of American beech. 
 
Table 1.9. Feller-buncher PMH in relation to cost, ROI, and basal area of American beech. 
 
 
Non-Throughput Time FB 1 Hours FB 2 Hours m^2/ha Cost Reduction New Profit Investment ROI
35% 153 139 11.4 -$                             5,965.28$                       79,905.19$                7.5%
30% 145 131 9.8 1,528.12$                   7,493.40$                       79,116.40$                9.5%
25% 138 124 8.2 2,929.89$                   8,895.17$                       78,393.00$                11.3%
20% 131 116 6.6 4,333.58$                   10,298.86$                    77,668.61$                13.3%
15% 123 109 5 5,735.35$                   11,700.63$                    76,945.21$                15.2%
10% 116 102 3.4 7,137.12$                   13,102.40$                    76,221.81$                17.2%
5% 109 95 1.8 8,540.81$                   14,506.09$                    75,497.42$                19.2%
0% 101 87 0.2 9,942.58$                   15,907.85$                    74,774.02$                21.3%
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 Breaking down the unit costs of production requires a joint cost allocation because 
sawtimber and clean chips were produced simultaneously during felling and skidding which, by 
definition, makes the production of these co-products a joint cost (Blocher et al. 2002; Wagner 
2012). I used a mass allocation of time to apportion the costs of production because of using the 
machine rate method which uses time to calculate cost, and the portion of time spent on either 
product depends on the volume being produced, not revenue being generated which would be 
used for an accounting allocation of cost. However, because most of the harvested trees were 
chipped, calculating volume from the mass of chips would introduce more uncertainty than 
converting the volume of sawtimber to mass. Because of these considerations, using mass to 
allocate joint costs is the most accurate method conceptually. After converting MBF to tonnes, 
using conversion rates by species from Lutz (2019), we estimate that 99.5 MBF had a weight of 
527 tonnes. By this calculation, sawtimber would comprise 9.7% of the total mass of products 
and clean chips would account for 90.3%. These proportions can be used to allocate the time for 
felling and skidding, but the journals provided more specific information for loader and chipper 
activity that allowed us to more accurately allocate their time. The loader operators recorded the 
portion of their time spent handling beech material, which averaged 87.2%. However, they spent 
additional time sorting and slashing non-beech material that yielded chips. The chipper operator 
provided an estimate of beech tonnage that was processed daily and noted that most non-beech 
material fed into the chipper was sugar maple and yellow birch. Using the conversion factor for 
those species to convert the weight of non-beech chips to their theoretical volume in sawtimber, 
which should be a slight underestimation of volume due to the loss of bark and sawdust weight 
during chipping, we estimate that roughly 37% of the time the loaders were processing non-
beech species they were still producing chips. By taking 37% of the remaining 12.8% of the 
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loaders’ time, we conservatively conclude that 92% of the loaders’ PMH were spent producing 
chips, and 8% spent producing sawtimber. Using the proportional mass weight of each product to 
allocate felling, skidding, overhead, and job specific costs, and using the loaders’ time to allocate 
landing costs, we calculate the cost to cut, skid, and land was $193.61/MBF and $42.28/tonne of 
chips. Another common metric for cost analysis is the cost per unit area rather than unit of 
product. This requires no allocation of joint costs, but for our purposes we were interested in 
actual cost/ha to harvest, as well as the possible cost/ha if the feller-bunchers did not invest time 
in non-throughput beech cutting. By calculating these costs, we portray the additional cost that is 
granted by cutting non-commercial beech. The harvesting cost realized by the logger to cut, skid, 
and land is $4,650.67/ha. Removing the 35% of feller-buncher time that was not spent generating 
revenue, the cost comes down to $4,446.20/ha. This means the additional cost of beech removal 
for this harvest was $204.47/ha, but this should be considered in the context of the basal area of 
beech per acre because this cost is a function of the density of beech.  
 To compare how profit and ROI shift when substituting clean chips for sawtimber, it is 
important to first understand how these metrics would have fared if the mills were in the same 
location. Considering, momentarily, that both mills were located where the paper mill is located, 
the profit would have been $4,689.67, which results in an ROI of 5.8%. Alternatively, if both 
mills were located where the sawmill is located, the profit would have been as high as 
$38,369.46, and ROI would have been a whopping 49.8%. It is important to consider the 
sensitivity of profit to transportation distances and costs as it is evident that the proximity to 
markets is more influential to the viability of an operation than the amount of additional time 
spent removing non-throughput material. Any comparison regarding substituting products for 
one another would be more accurate when compared against these values for profit and ROI 
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because these normalize the costs and investment of product transportation. Using the true 
locations of the mills for this analysis would confound the impacts of transportation distance 
with product valuation, we are interested strictly in the impacts from differences in product 
value. Taking the harvested sawtimber and converting it to a chip weight, after removing the 
volume of bark specific to each species (Miles and Smith 2009), we examined how this would 
impact the feasibility of this harvest. Substituting the 99.5 MBF in sawtimber for its theoretical 
equivalent of 449.7 tonnes of clean chips would reduce the revenue by $34,879.50. Reflecting 
this change in product with the stumpage payments and comparing this to if all products had 
been delivered to the paper mill, this change in product would result in a deficit of $9,978.69 and 
ROI of -12.4%; a decrease in profit of $15,943.97, and a reduction in ROI of 19.9%. Similarly, if 
there were no sawtimber from the harvest, yet the paper mill was located next to the sawmill and 
the market prices for chips were consistent, the reduction in profit would equate to $14,668.37, 
and ROI would be reduced by about 19%, yet the logger would still have made a profit over 
$23,700 and an ROI of 30%. These results indicate that the presence of sawtimber make a BBD 
remediation harvest considerably more feasible, yet the proximity and availability of nearby 
markets is still a more influential factor based on the delivered prices seen here.  
 Producing clean chips is relatively uncommon in the Northeast because few loggers own 
flail chippers due to their notorious repair and maintenance costs coupled with the financial 
uncertainty for loggers to branch into other product systems. A much more common product for 
low grade forest products is biomass or fuel chips used for energy feedstock. Delivered prices for 
biomass chips are markedly lower than clean chips because of their relative utility; biomass chips 
will soon be incinerated while clean chips enter the supply chain. However, the markets for both 
products are subject to fluctuation based on demand for paper and natural gas prices, among 
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other factors. We analyzed the feasibility of this harvest system across product markets and 
market conditions by substituting the delivered price of clean chips for biomass chips then 
adjusting the price by increments of $5.51/tonne to examine the resulting profit and ROI.  For 
this analysis, we assumed that the energy plant was located next to the paper mill and the 
sawmill was in its true location, and all costs were held constant with their true values. Starting 
with a delivered price baseline for biomass chips that is half of the commanded price for clean 
chips, $28.66/tonne, the company would have generated a deficit of $134,291 and ROI of -
168%. The results of this evaluation, displayed in Table 1.10, clearly demonstrate that attempting 
to implement this harvest to generate biomass chips would be unquestionable unless feedstock 
prices inflated dramatically. Alternatively, because the required price to generate a profit with 
biomass chips is nearly the price for clean chips, these results could be interpreted as the 
forecasted profit and ROI if clean chip prices were to plummet; even a reduction in unit price of 
4% for clean chips, $57.32 down to $55.12, would have prevented the logger from netting a 
profit. 
Table 1.10. Profit and ROI for unit prices of biomass chips. 
 
Discussion 
 The viability of this harvest is due to the local markets for clean chips and the amount of 
quality sawtimber in the stand. For many landowners, these desirable characteristics may not be 










a reality, but there are still alternative products they may be able to market. If for instance the 
growing stock on a small, private, forest landowner’s property is not high enough quality for 
sawtimber, they may harvest clean chips as in this case study if there is a logger with a flail 
chipper in their area, or biomass chips if a flail chipper is unavailable. It is important to consider, 
however, that in cases where there are not high-quality products to be harvested, it is likely that 
an astute logger will not accept the risk of engaging in a stumpage sale, but will rather opt for 
contract logging in which they are paid by unit (i.e., $194/MBF, $42/tonne) to complete the 
harvest. If the forest in our case study had a history of high-grading or contained unfortunate 
genetics to produce quality sawtimber, our logger probably would have still purchased the 
stumpage because their harvesting system is designed for producing clean chips. Our analyses 
illustrate that this harvest was viable for the logger because of the stand and market conditions. 
Without the presence of quality sawtimber, the logger would have had a negative ROI. However, 
if this stand were located only 30 kilometers closer to the paper mill, they could have generated a 
30% ROI without any sawtimber. The feasibility of this harvest also depends on the magnitude 
of extraneous costs; other harvests with roadside landings, summer harvests, loggers without 
investment in trucks, and contracted loggers would all face less uncertainty in their ability to 
generate a positive return, if they are able to receive similar mill prices for their products. For 
instance, if a harvest were not supposed to yield any sawtimber, given all the same harvest 
conditions and configuration as in this case study, the logger would have operated at a loss of 
nearly $10,000. However, if this were a roadside harvest, the logger would have been capable of 
breaking-even because the cost of road preparation and maintenance would have been all but 
eliminated and staging costs would have been greatly reduced, both of which are included in the 
single factor of job specific costs. The logger analyzed in this case study is also slightly irregular 
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by their ownership of their own trucking fleet. It can be expected that contracted truck rates 
would be commensurate with the transportation distance for any given harvest. Despite this, 
other loggers that need to contract trucks may still realize a smaller investment in transportation 
than if they were to own their trucks, and their ROI should almost certainly improve because 
they do not need to bear the capital investment in trucks and trailers. Although there are a great 
number of factors which would prevent a logger from harvesting a job, our study shows that 
there is potential for profitable harvests for mechanized harvest systems. Forest managers and 
landowners should be aware of these considerations as well because they rely on the logging 
industry to implement their management plans, assuming harvesting is among the objectives in 
management.  
 The advantages to using mechanized harvesting to remove infested beech and recalcitrant 
understories over manual removal or herbicide treatments is readily apparent when using 
throughput analysis. The ability to cover management costs are possible with harvesting, as well 
as the additional costs brought on by disease infestation, because it provides a source of revenue. 
Treating beech sprouts and seedlings with herbicides produces exorbitant costs when 
implementing across large areas and these costs are inhibitive because there are no sources of 
revenue with this strategy that would offset them. As Kochenderfer et al. (2004) reported, 
herbicide treatments can be as high as $568/ha, a mere fraction of the total harvesting costs 
reported here. Not only was this harvest generating revenue through the sale of chips and 
sawtimber, but even the additional cost to remove beech using a feller buncher was less than half 
that to use herbicides ($204/ha). This illustrates that harvesting to remediate BBD is 
economically viable given the correct set of market, site, and logger characteristics and should 
not be categorically designated as an investment by landowners. This logger bore the additional 
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costs of stumpage, a landing several miles from roadside, and trucking that are not ubiquitous 
among loggers in the Northeast. In many cases, landowners must contract a logger to implement 
forest management in situations where there are not highly valuable products to be harvested nor 
enough predicted revenue that would entice a logger to buy stumpage. In cases such as this, 
forest owners should be willing to reduce or eliminate stumpage costs to adequately ease the 
burden on logging companies. Even landowners with strictly financial goals for their forest 
should consider using harvesting to improve the outlook of BBD in their stands because 
harvesting can improve the future value of the standing timber by improving the quality of the 
growing stock (Filip 1978; Ostrofsky 2004).  
 Despite requiring up to a third of a feller-buncher’s time to remove small beech sprouts, 
which provided no throughput and therefore no revenue, this logger was able to cover their fixed 
and variable costs and turn a profit during this harvest. This additional cost may not be as drastic 
in forests that do not have such a high proportion of beech, which would pose even less financial 
risk for loggers involved with stumpage contracts for BBD remediation. The major sources of 
cost or investment by the logger is typical that of any harvest: distance to markets, stumpage, and 
overhead. As our results suggest, the likelihood that a logger could cover their variable costs 
without participating in a pulp chip market is slim, though this is unconfirmed. Delivered prices 
for biomass feedstock are a fraction of that for pulp chips, a relationship that is unlikely to 
meaningfully change. A similar conclusion could be drawn for a chainsaw/cable skidder 
operation due to the labor costs that would be required to remove non-commercial beech stems, 
an unlikely venture. This harvest was designed because mechanical removal by brush-saws 
creates a per acre cost of management that prohibits large-scale implementation, and herbicide 
treatments pose a similar limitation. When the only product available from a harvest is biomass 
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chips, the process of removal would combine the high costs of forest harvesting with the absence 
of sufficient revenue from mechanical or chemical treatments. Based on the cost structure 
depicted here, there are very few circumstances in which a biomass harvest will generate a net 
profit, although landowners should still consider investing in this option if their forest conditions 
are truly untenable. Loggers that specialize in biomass treatments should be wary of BBD 
remediation, unless they have a long-standing relationship with a biomass plant that would allow 
them to command higher prices for chips. These operators may still be able to engage with these 
remediation harvests but should also seek out jobs that do not pose significant financial risks in 
order to balance their annual expenditures with annual revenues.  
 The ecological efficacy of the harvest cannot be confirmed or refuted at this point, as the 
results shall unfold as the stand regenerates. This harvest occurred in the winter to reduce soil 
compaction and sediment runoff to nearby lakes, but it is recognized that cutting trees during the 
growing season is more effective in staving off root sprouts. In other areas where the soil texture 
is more conducive for summer harvesting, this would be preferred. Harvesting in the summer 
should not only decrease the number of root and stump sprouts (Farrar and Ostrofsky 2006), but 
warmer weather eliminates the need to idle heavy equipment that is required for winter 
harvesting. Less idling time results in lower costs because fewer machine hours are necessary for 
the same level of productivity. Regardless of seasonality of harvest, herbicide may be useful to 
augment the effects of harvests. In harvests where the ability to cover costs is more certain, 
herbicide may be a worthwhile addition to the prescription to ensure the understory does not 
revert to pre-harvest conditions, potentially without requiring a logger to operate at a loss. Using 
herbicides after harvesting concludes may also greatly reduce the treatment costs because the 
volume of chemical and hours of labor would decrease from having less beech stems on site. 
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Additionally, if harvesting concludes and a landowner feels inclined to treat their forest with 
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Chapter 2: A life cycle assessment of a mechanized shelterwood harvest 
Abstract 
 Forests are used to mitigate anthropogenic greenhouse gas emissions through carbon 
offset programs, and forest management is generally accepted as “carbon neutral”. However, the 
infrastructure for harvesting forests depends heavily on fossil fuels, so it would be remiss to 
broadly paint all forms of management as carbon neutral without empirical verification of this 
claim. Life cycle analysis is a tool to systematically account for all environmental impacts of a 
given product or action throughout its life cycle stages and has been applied to several kinds of 
forest operations. Utilization of this tool has been inconsistent, and the scope of many life cycle 
studies are too broad to collect high resolution, site-specific, data (Klein et al. 2015; Soimakallio 
et al. 2015). Biomass feedstock, as a means to supplant fossil fuel consumption, has received the 
bulk of investigative efforts, as the carbon benefit of biomass is one of the most contentious 
among wood products because it does not create long-term carbon storage. An attributional life 
cycle assessment was conducted on a winter shelterwood harvest occurring in the Adirondack 
Park of up-state New York. Primary data was collected daily throughout the operation that was 
used to model the impact attributed to producing clean chips and sawlogs which will serve as 
raw material for further processing. This harvest produced 4,894 metric tonnes of clean chips and 
around 527 tonnes of sawtimber. We calculate that 39.77 and 25.16 kg of carbon dioxide 
equivalent were emitted per metric tonne of clean chips and sawtimber, respectively, with a total 
observed flow of greenhouse gas into the atmosphere between 206 and 210 thousand kilograms. 
A nuanced interpretation of these results helps illuminate the global warming potential of 





 Climate change necessitates an examination of environmental impacts from all human 
activities at the least, if not a moratorium of processes that are known to significantly contribute 
to climate change at most (IPCC 2014, Rogelj et al. 2016). Forests are being used to offset 
anthropogenic greenhouse gasses (GHG), and forest management is considered a tool for 
mitigating climate change through carbon sequestering forests and the creation of carbon storing 
wood products (Ganguly et al. 2020; Giffen et al. 2017; Matthews et al. 2014; Oliver et al. 2014). 
However, the extraction and processing of wood-based products emits GHG due to infrastructure 
and machine dependence on fossil fuels. Although widely accepted to be “carbon neutral”, there 
is ongoing debate regarding the magnitude of carbon flux from the atmosphere during forest 
harvesting and regeneration (Klein et al. 2015). Uncertainty surrounding carbon accumulation 
rate as forests develop from stand initiation through old-age, and the carbon neutrality of old-
growth forests themselves (Cook-Patton et al. 2020; Curtis and Gough 2018), further complicates 
the implications of management actions. Regardless of the carbon budget of resource extraction, 
forest management must continue providing societies’ needs. The ambiguity regarding its role in 
climate change and the ceaseless demand for wood products, together, precipitate a need to 
understand the carbon implications of forest harvesting. 
 Life cycle assessment (LCA) is a standardized, multi-phased, modelling process that can 
be applied to products or product systems to measure various categories of environmental impact 
(International Organization for Standardization [ISO] 2006) and has been used extensively to 
analyze the forest products industry (Abbas and Handler 2018; Klein et al. 2015; Neupane et al. 
2011; Quinn et al. 2020). There are four iterative phases to be followed: goal and scope 
definition, inventory analysis, impact assessment, and interpretation. The goal and scope 
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definition consists of selecting the system of interest and impact category and defining the 
system boundaries and functional unit. The inventory analysis step requires observing and 
quantifying the physical flows of inputs and outputs to the system. Impact assessment is when 
the environmental impact is characterized for the selected impact category. Interpretation is the 
final step, but should be occurring throughout the process, allowing the goal and scope to adjust 
to data availability and quality. Two approaches to LCA have developed: attributional and 
consequential. Attributional life cycle assessment focuses on observing the environmentally 
relevant physical flows in and out of the process in question, whereas consequential LCA seeks 
to understand how relevant flows would change due to management decisions or policies 
(Curran et al. 2005; Finnveden et al. 2009). Despite the standardization of processes, proper 
application of either approach has been inconsistent, and universal methodologies for LCAs have 
not been developed (Finkbeiner 2009; Soimakallio et al. 2015; Zamagni et al. 2012). 
Inappropriate application of either approach can exclude important activities from the system of 
interest and lead to misinterpretations of the results and poor decision-making (De Rosa et al. 
2018, Peñaloza et al. 2019; Plevin et al. 2013). Therefore, transparency produced from clearly 
stated goals and assumptions is paramount for correct interpretations of results. 
 LCA studies have examined sources of GHG involved with harvesting (Oneil and 
Puettmann 2017; Sonne 2006; Stewart and Nakamura 2012), although most of them focus on 
biomass feedstock harvesting for heat, power, or fuel sources (Gonzalez-Garcia et al. 2009; 
Keoleian and Volk 2005; Neupane et al. 2011; Therasme et al. 2021) which do not provide long-
term storage, but have shown climate benefits as alternatives to fossil fuels. Substituting wood 
products for building materials such as concrete or metals resulted in considerable reductions in 
emissions according to an attributional LCA by Bergman et al. (2014), although this type of 
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conclusion would be more appropriate for a consequential LCA. Puettman et al. (2010) 
determined that forest management and harvesting only contributed 3-7% of the energy 
consumption for hardwood lumber produced in the northeast/north-central regions, with the total 
impact for harvesting, transportation, and manufacturing at 502 kg 𝐶𝑂2𝑒𝑞 per cubic meter. 
Unfortunately, without details pertaining to the species and density of the hardwood lumber, net 
exchange of carbon from the atmosphere is difficult to interpret using a volumetric functional 
unit. In an LCA of harvesting and transportation in Tennessee, Abbas and Handler (2018) 
provide comparative results for two harvesting configurations across three intensities of cutting –
selective, shelterwood, and clearcutting. They concluded between 22.9 and 49 kg 𝐶𝑂2𝑒𝑞 are 
emitted per green tonne during harvesting and transportation of roundwood, depending on 
transportation distances ranging from 50-250 km. Their results suggest manual harvesting 
systems, which utilize chain-saw felling and cable skidding, have a lower global warming 
potential (GWP) than mechanized harvesting because of disproportionately low inputs to the 
system which more than make up for reductions in productivity (Abbas and Handler 2018). 
 This study aims to illuminate the release of GHG during the extraction and processing of 
living trees into raw materials for lumber and paper manufacturing. While other studies of 
similar scope have examined biomass harvesting, the operation analyzed here produced clean 
chips and sawlogs that will be processed into paper and lumber which will eventually produce 
medium and long-term carbon storage benefits. This process-based LCA estimate the cradle to 
gate life cycle greenhouse gas emissions associated with harvesting and transportation. Further 
processing of resources into finished products was outside the scope of this analysis. 
Subsequently, the results are more robust in their use as input data for analyses of life cycle 
stages further down the supply-chain and are applicable to a broader geographic range where the 
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same products are extracted using similar harvest systems. Additionally, by excluding the 
processing stage and further downstream life cycle stages, these results are applicable for private 
mills that utilize the products seen here and seek to determine their own environmental impacts. 
The objectives for this case study are: 
• Quantify the global warming potential from GHG emissions during the harvesting of 
sawlogs and clean chips using primary, site-specific data. 
• Identify the sources of difference in the impact of both products. 
• Determine the sensitivity of impacts to changes in parameter values. 





This harvesting operation case study was contracted by SUNY College of Environmental 
Science and Forestry as a Beech Bark Disease (BBD) remediation harvest at the Huntington 
Wildlife Forest. Centrally located within the Adirondack Park, illustrated by Figure 2.1, the 
Huntington property encapsulates 6,070 hectares and has been used for forest and wildlife 
research since its donation in 1932. The most recent commercial harvest of this site concluded in 
1954 when the basal area was reduced from 28.65 to 16.3 m2/ha. The forest has since 
regenerated naturally, but with an exceedingly high level of American beech, purportedly due to 
BBD, with the basal area of beech growing to 11.4 m2/ha, nearly a third of the overstory basal 
area, and almost nine thousand beech stems per hectare in the understory. Consisting of two 
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cutting units, shown in Figure 2.2, totaling 49 hectares of maple-beech-birch forest, this harvest 
provided sawlogs and clean chips to a sawmill located 71 km away, and a paper mill 101 km 
away. The landing was located 13 km from a paved road, shown in Figure 2.3, which required 
the extensive use of auxiliary equipment to prepare and maintain the forest road during the 
winter months, generating additional atmospheric impacts that are not produced in the same 
magnitude during roadside or summer harvests. Despite the history of harvesting in this stand, it 
has retained its land occupation, or land-use, as forest. There is no history of land conversion, 
and although harvesting could be considered land transformation, or land-use change, because 
the site remained forested, harvesting could arguably be a shift in disturbance regime rather than 
full-fledged land transformation. The implications of either designation will be discussed further 
in the context of the LCA framework.  
 





Figure 2.2. Harvesting blocks T1 and T3 with digitized skid trails and landing. 
 






The prescription was strongly influenced by the BBD complex; a disease which deteriorates 
wood and proliferates root sprouts, creating dense thickets that reduce the biodiversity and 
function of infected forests.  Forest managers implemented a standard shelterwood harvest with 
the additional ramification to remove all beech stems greater than 1.5 meters (5 ft) in height. The 
contracted logger utilized a fully mechanized harvest system comprised of two feller-bunchers, 
four skidders, two loaders, and one flail chipper. In bringing the average basal area from 38.75 
m2/ha (168.8 ft2/ac) down to 11.8 m2/ha (51.5 ft2/ac), the harvest yielded 527 tonnes of 
sawtimber and 4,894 tonnes of clean chips. In addition to the residual slash from processing 
sawlogs and preparing wood for the flail chipper, a considerable volume of biomass was left on 
site from the small beech stems mowed by the feller-bunchers. The stand is expected to 
regenerate as a northern hardwood stand with the hope that beech becomes a minor component 
of the species composition. The efficacy of this harvesting method as a BBD remediation 
strategy from an ecological standpoint will be the subject of future scientific inquiry.  
 
Goal and Scope Definition 
Our goal was to conduct an attributional LCA of a forest harvest using primary, site-specific data 
to determine the net carbon balance of using fossil fuel products to produce raw materials for 
forest products. The selected impact category was global warming potential. Attributional LCA 
studies seek to attribute all inputs and outputs to a functional unit using the current status of the 
product system and a given temporal window, as opposed to consequential LCA studies which 
seek to determine the consequences of changing characteristics or details of the product system 
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for the purpose of influencing policy and decision-making (Brander and Wylie 2011; Ekvall et 
al. 2016; Plevin et al. 2013). The requisite use of a baseline land occupation for attributional 
LCA is a matter of some dispute (Brander 2015; Soimakallio et al. 2015; Soimakallio et al. 
2016), but I included a land-use baseline to analyze the results in the broader context of the 
carbon cycle. 
 The scope of this LCA was cradle-to-gate, including all processes involved from resource 
extraction up to the first gate when raw materials are delivered to their markets, but excluding 
the production, use, transportation, and end-of-life stages of the product life cycle. The exact 
activities included are represented by the System Diagram in Figure 1, but consist of all 
processes to cut, skid, and land trees, along with necessary auxiliary processes such as equipment 
manufacturing, equipment staging, road preparation, and maintenance. The dashed line 
represents the system boundaries, dotted lines represent subsystem boundaries which may be 
useful in interpreting the impact, and the arrows in and out of the system represent the physical 
flows that were observed. The selected functional unit, the unit to which the absolute emissions 




Figure 2.4. System Diagram depicting the system boundaries (dashed line) and subsystem 
boundaries (dotted lines) along with system processes or activities and observable flows in and 
out of the system boundary.  
 
Inventory Analysis 
Six interviews were conducted between February and March 2020 to collect information from 
the company owner and maintenance supervisor, and equipment operators were provided daily 
journals, to record a breakdown of their time and production. An example of the feller-buncher 
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journal is provided below in Figure 2.5, a skidder journal is provided below the following 
paragraph in Figure 2.6, and the loader/chipper journal is provided below the Coolant paragraph 
in Figure 2.7. Operators also filled out a fuel sheet, and total fuel consumption from all 
equipment was provided by the owner at the close of harvest. In addition, the maintenance 
supervisor provided daily fuel use by machine required to delineate fuel consumption by process. 
The weight of lubricants, cost of grease, and type of coolant used by the machines was also 
collected from the owner. The maintenance supervisor provided the specifications for each piece 
of equipment regarding capacity of oil, hydraulic fluid, and coolant reservoirs, as well as each 
material’s turnover rate. Finally, the owner provided the same breakdown of details for the trucks 
used for product transportation, and the maintenance and fuel truck. After the harvest concluded, 
a summary of all products delivered to the mills, or gate, was provided by the forest properties 
staff who facilitated the contracting of the logger and collection of stumpage payments. The 
residual biomass was calculated using the NED3 to compare the pre-harvest and post-harvest 
aboveground biomass and removing the mass of the products from the difference. Data was 
collected in the summer of 2019, producing an estimate of standing biomass based on the sizes 
and number of stems per acre. In October of 2020, a post-harvest inventory was conducted that 
measured standing timber volume, and this data was subsequently entered into NED3 which 
allowed the program to calculate the total biomass removed during the harvest. Our 
measurements for sawtimber and chip mass were subtracted from the NED3 output, yielding our 
calculation for residual harvested biomass. Tabular summaries of all fuel, lubricant, coolant, and 
grease consumption calculations, which are described in the following sections, are provided in 
the Appendix, as are the densities of various materials which are used to calculate their values in 






Figure 2.5. Example of the daily production journal for the feller-buncher operators. 
 
Fuel 
 To prevent the fuel from gelling in sub-zero temperatures, the logger used a 50% mixture 
of diesel and kerosene fuel. Using the productive hours recorded in the operators’ journals, the 
average length of the workday was calculated for each machine. Then, using the average daily 
fuel use provided by the maintenance supervisor, the fuel was divided by the average workday to 
determine the average hourly consumption by machine. This value was then multiplied by the 
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total productive hours for each machine, which corroborated the fuel use provided by the logging 
owner. Subsequently, the values were divided in half to provide the diesel volume and kerosene 
volume. Fuel consumed during equipment staging and transportation of products was calculated 
using the fuel efficiency of the trucks and the average transportation distance. It is important to 
note that while the wood products were delivered directly from the landing in the woods to their 
respective markets, fuel consumed by the trucks to drive from where they park at night to the 
landing, and from the market back to their parking space, must be accounted for as that fuel 
would not have been consumed if the harvest had not occurred. To calculate average delivery 
distance, the distances between where each truck parks at night and the landing, distances from 
the landing to the sawmill and paper mill, and distances from the mills to parking locations were 
measured. The total mileage traveled by trucks was then reconstructed, separately for logs and 





Figure 2.6. Example of the daily production journal for the skidder operators.  
Lubricant 
 Lubricants, for this study, includes engine oil and hydraulic fluid. For all machines, 
engine oil is replaced every 250 productive hours of use. Because there were no leaks or 
maintenance issues with oil during the job, the volume of oil consumed was calculated by 
dividing the volume of the oil reservoir for each machine by 250 and then multiplying by 
productive hours for the harvest. Mass in kilograms was then calculated by dividing the volume 
by the oil’s density. The same process was followed for hydraulic oil, although the rate at which 
hydraulic oil is replaced varied by machine. The feller-bunchers, chipper, and loaders all 
experienced technical difficulties which required the replenishment of hydraulic fluid. Therefore, 
an exact volume of fluid used during the harvest was provided. For the skidders, the hydraulic 
fluid was replaced every 2,500 hours. The volume of the hydraulic fluid reservoir was divided by 
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2,500, and then multiplied by the skidders’ productive hours. For both oil and hydraulic fluid, the 
volumes were converted to mass in kilograms using their specific densities. 
 
Coolant 
 The process to measure coolant mirrored the lubricant process closely, except for the 
added complication that the petroleum derived product in antifreeze only comprises about 90% 
of its volume, and it is then watered down to become coolant. However, the same process was 
followed in that the specific coolant system reservoirs were recorded for each machine, and then 
divided in half to remove the volume that would be occupied by water. This volume was divided 
by the density of antifreeze to provide mass but was then multiplied by the percent mass that is 
ethylene or diethylene glycol, the material generating the environmental impact. This mass of 
ethylene and diethylene glycol was then divided by the interval between coolant system changes 
(96 months) and multiplied by 1 month to provide the total mass of ethylene consumed during 





Figure 2.7. Example of the daily production journal for the slasher-loaders and chipper operators. 
 
Grease 
 The characterization factor for grease is based on the amount of US dollars spent on it, 
meaning the volume of grease did not need to be measured but the financial investment in grease 
did. The logger shared his purchasing price for a tube of grease ($2.25), and the maintenance 
supervisor explained that each machine should receive an entire tube of grease every day it is in 
operation. The chipper is the only exception in that it consumes 6 tubes of grease every 5 days. 
The total investment in grease was then calculated by multiplying its purchasing price by the 





 The impact assessment was conducted using the Tool for Reduction and Assessment of 
Chemicals and Other Environmental Impacts (TRACI 2.1) method, a tool developed by the EPA 
that provides characterization factors for a variety of substances across several impact categories 
(Bare 2012). Characterization factors quantify the environmental impact for various substances 
in terms of a common unit of equivalence. With the category of global warming potential, this 
equivalent substance is 𝐶𝑂2, and the unit is 𝐶𝑂2𝑒𝑞. For example, diesel combustion releases CO, 
𝑁𝑂𝑥, and 𝑆𝑂𝑥, which each have a certain potency for affecting climate change. Characterization 
factors convert the mass of these substances into the mass of 𝐶𝑂2 that would have an equivalent 
potential to warm the climate. Life cycle inventory (LCI) values are then calculated for common-
use materials like diesel and gasoline when studies measure the release of GHG substances 
during the extraction, refinement, distribution, use, and end-of-life of the material (use and end-
of-life are combined for fuels). The exact value of an LCI can vary depending on the geography, 
methodology, including characterization factors employed, and goals of the study. Numerous 
databases have compiled LCI values, and to limit uncertainty introduced from incongruent 
geography and methodology, I limited the selection to the USLCI and Ecoinvent databases. The 
USLCI database provides up-to-date life cycle inventory data for commonly used products 
within the United States, sourced by life cycle studies conducted within the US (U.S. Life Cycle 
Inventory Database 2012). The Ecoinvent database is international and provides around 18,000 






 The interpretation stage of the LCA process includes interpreting the results of the study, 
but is intended to be practiced iteratively throughout the investigation. As the data collection for 
the life cycle inventory stage commences, there are opportunities for the data availability to 
prevent the successful analysis of the stated goal. Changes to the goal, scope, or inventory 
analysis can occur, but should be reflected in how the results are interpreted. The goal of this 
study is to use primary, site-specific data. However, during our assessment it became clear that 
our ability to accurately measure the impact of equipment manufacturing was limited. We 
resolved to use the LCI values for equipment manufacturing from Quinn et al. (2020) because of 
similarities in equipment used in the harvest system, to minimize additional uncertainty to our 
results. Limitations to our methodologies are discussed in context of forest operations.  
 
Allocation Methods 
 The harvest produced two distinct types of product but were being produced 
simultaneously during many of the activities involved, and some activities did not produce 
anything (e.g., mowing of beech whips by feller-bunchers), but were nonetheless necessary 
components of the system. Joint production or co-production systems are termed multi-
functional within the LCA literature, in which several studies have focused on the issues with 
allocating impact properly to both products, although most issues stem from complex or 
chemical processes (Cherubini et al. 2018; Curran 2007). For processes that involved physical 
production, like felling and skidding, the consumption of materials that produce GHG is 
primarily a function of the time invested in the action, which is indirectly a function of the mass 
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of the output. Because the biogenic carbon content of wood products depends on the mass of 
carbon stored in the wood (Levasseur et al. 2012), mass allocation was deemed most appropriate 
for this study.  
 For equipment staging, road preparation, felling, skidding, and fuel and maintenance, this 
was conducted by calculating the proportional mass of both products and then incorporating this 
proportion into the model to represent their environmental impact. This method is most 
appropriate for processes that produce both products simultaneously and have no further insight 
to separate the time attributed to either product. For the loaders, it is clear when they are slashing 
and loading sawlogs or preparing logs to be chipped. Given that all beech was chipped, their 
estimations for beech processed was completely attributed to the impact of clean chips. 
However, some of the chipped material included non-beech species. The proportion of non-
beech chipped was estimated in the chipper operator’s journal and was used to estimate the 
tonnage of non-beech chips. We calculated 4,537 metric tonnes of the chips were beech, and the 
remaining 357 tonnes were other northern hardwood species. This tonnage was converted to the 
would-be sawtimber volume, and then was divided by the total volume of sawtimber that could 
have been produced by non-beech species. This provides the approximate amount of time the 
loaders spent processing non-beech chips, which was added to their time spent on beech to 
provide the total proportion of time they spent on sawlogs and chips. It should be noted that any 
uncertainty introduced by allocation methods only represents uncertainty in the exact sources of 
impact, not system-wide impact. Regardless of differences or errors in allocation, the absolute 






 A sensitivity analysis was conducted by varying the inventory values, or parameters, by 
5, 10, and 25 percent to determine which factors (i.e., transportation distance, fuel economy, etc.) 
are the most influential on the total impact of harvesting. The sensitivity models are simulated by 
holding all parameters equal and varying each parameter individually to determine its effect on 
total impact.  
 
Results 
 We found the unit impact of chips to be more than 14 kg of 𝐶𝑂2𝑒𝑞 higher than the impact 
for sawlogs for this harvest, with the total emissions equating to almost 210,000 kg 𝐶𝑂2𝑒𝑞, and 
over 4.9 million kg 𝐶𝑂2𝑒𝑞 captured in the raw materials sold to mills. The harvest yield was 
4,894 tonnes of clean chips and between 501 and 560 tonnes of sawtimber (Lutz 2019). The 
material consumption for all processes included within the system boundaries totaled 34,848 
liters each of diesel and kerosene, 716 kg of lubricating oils, 5 kg of antifreeze, and 438.3 USD 
worth of grease. The impact of producing clean chips was approximately 14.6 kg of 𝐶𝑂2𝑒𝑞 
higher per tonne than sawlogs with sawlogs generating 25.16 kg of 𝐶𝑂2𝑒𝑞 per tonne of 
sawtimber, and 39.77 kg 𝐶𝑂2𝑒𝑞 generated per tonne of clean chips. Figure 2.8 displays the total 
impact for each product, broken down by process. Figures 2.9 and 2.10 depict the portion that 
each process contributed to total impact for each product.  Figures 2.11 and 2.12 display the 
impact of each product broken down by the subsystem boundaries illustrated in the System 
Diagram in Figure 2.4. The largest sources of GHGs for either product was felling for sawtimber, 
and product delivery for clean chips. However, the per unit emissions from road preparation, 
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skidding, maintenance, and felling were equivalent for both products. The difference is due to 
the additional machine and processing involved with producing clean chips and further distance 
to the paper mill than the sawmill. The processes of equipment manufacturing and staging were 
marginally higher for chips because an additional machine was being accounted for. Moreover, 
chipping alone generated 5.7 kg 𝐶𝑂2𝑒𝑞 per tonne, a process that is not involved with harvesting 
sawtimber. Not only was the paper mill 30 km further from the landing than the sawmill, but the 
weight of a load of chips averaged 1 tonne less than a load of sawtimber, requiring 4 additional 
trips to deliver chips that would otherwise not have been necessary if the weight of loads were 
equivalent for both products. The forest inventory results showed that there was a difference in 
pre- and post-harvest aboveground biomass of about 170.15 tonnes/hectare. Removing the mass 
of the commercial products provided a final estimate of 58.68 tonnes/hectare of residual 
harvesting slash, or a total of 2,854 tonnes of biomass. 
Table 2.1. Unit impact of both products, broken down by activity process. 
  
Process kg CO2eq/tonne Logs kg CO2eq/tonne Chips
Manufacturing 1.28 2.53
Staging 0.90 0.99











Figure 2.8. Comparing the unit impact of both products, broken down by activity processes. 
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Figure 2.10. Sources of impact for sawlogs and their relative proportion of impact by activity. 
 
Figure 2.11. Subsystem boundary impacts for clean chips. 
 
Subsystem Boundary Impact of Clean Chips




Figure 2.12. Subsystem boundary impacts for sawlogs. 
 To have a more direct comparison between clean chips and logs, we recalculated the 
impact if the transportation distance to their respective markets were equivalent. The results of 
impact analysis given this change in delivery distance are presented in Figure 2.13, but clearly 
show a reduction in impact attributed by product delivery. When both mills are equidistant from 
the landing, the emissions from harvesting and delivery clean chips were reduced to 34.4 kg 
𝐶𝑂2𝑒𝑞/tonne. It is important to note the product delivery impact is still greater for chips because 
the average weight of a truckload for sawtimber was about 41 tonnes, whereas the average chip 
load weighed under 40 tonnes. These results indicate that regardless of the harvesting system or 
delivery distances, producing chips creates a greater impact per unit of mass than sawtimber.  
 
Subsystem Boundary Impact of Logs




Figure 2.13. Reported impact of sawlogs and clean chips, if the paper mill were located next to 
the sawmill, 71 kilometers away. 
 
 The sensitivity analysis demonstrated that fuel is the most influential material 
consumption in the attributed impact of the harvest system. This may be unsurprising, as the fuel 
not only has the highest LCI value per unit, but more fuel was consumed than any other fossil 
fuel product. Graphical depictions of the five most influential diesel parameters are provided 
below in Figures 2.14 and 2.15. Sensitivity to kerosene for any process was slightly higher than 
for diesel, but we have chosen to display diesel sensitivity because harvests that do not occur in 
the winter will not consume kerosene, and to make the graphical illustration clearer. Equal 
volumes of both fuels were consumed, but the LCI value for kerosene is .14 kg 𝐶𝑂2𝑒𝑞 per unit 























Unit Impact When Mills are Equidistant
Manufacturing Staging Road Prep Felling Skidding
Sorting/Slashing Chipping Delivery Fuel/Maintenance
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note that, for both products, all other parameters not depicted in the figures influence the system 
to a lesser degree than the least influential parameter displayed. For logs, this parameter was fuel 
consumed during equipment staging, which only affected a change of ±.43% of our baseline 
estimate for a 25% change in parameter value. For chips, fuel consumed during sorting and 
slashing changed the baseline estimate by ±1.2% for a 25% change in parameter. All other 
materials consumed for these activities, and all parameters of the activities not presented, 
influence the total impact for either product by less than these respective values. The machine 
life hours were the only parameters to have an inverse relationship with impact, although the 
system was still less sensitive to changes in their values than for changes in staging diesel for 
logs or sorting and slashing diesel for chips.  
 




Figure 2.15. Five most influential parameters on the impact of harvesting sawlogs. 
 
Discussion 
 The results for the unit impact of producing roundwood during a mechanized shelterwood 
harvest was 9% lower than the reported impact in Abbas and Handler (2018). The average 
shelterwood system in their study, however, consisted of 1.2 feller-bunchers, 3.6 chainsaws, 2 
skidders, and 1.5 knuckleboom loaders. The productivity of the examined system was 
considerably lower than theirs, about 1.5 standard deviations below their average based on their 
reported standard deviation for similar conditions. The drastic discrepancy between productivity 
rates (our production rate was approximately 4 tonnes/hour to cut, skid, and land compared to 
approximately 19 tonnes/hour reported by Abbas and Handler (2018)) and total impact for these 
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two studies is unexpected. Further, their system includes nearly 4 chainsaws, but their own 
findings generally showed that chainsaw-based harvesting tended to have lower impacts. In fact, 
this harvest impact was commensurate with their chainsaw system for a selective cut. In general, 
they found that productivity was inversely related to environmental impact, yet our results do not 
fit the pattern illustrated by their analysis, although this may have to do with difference in our 
methodologies. Regardless of differences in the impact of their harvest permutations and ours, 
these results are very similar to their findings for all harvesting activity, which they found to 
release 20 kg 𝐶𝑂2𝑒𝑞/green tonne of roundwood. Our results do support the findings of Abbas and 
Handler (2018) that truck payload, fuel economy, and market distance are among the most 
influential factors to the total impact of resource extraction. The emissions for a given one-way 
transportation distance was nearly identical to mine, although it does not fit the linear trend they 
depicted between transportation distance and GHG emission. Their results showed .11 kg 𝐶𝑂2𝑒𝑞 
were emitted per kilometer of transportation, regardless of the distance transported, whereas we 
found .08 kg 𝐶𝑂2𝑒𝑞 were emitted per kilometer. 
 An LCA of biomass feedstocks in the Northeast found the impact of harvesting clean 
chips to be 27.89 kg 𝐶𝑂2𝑒𝑞/tonne when using a mass allocation (Quinn et al. 2020), only .5 
kg/tonne higher than our results for the unit impact of clean chips using mass allocation and 
directly within the probability distribution for this value. The scope for both studies is nearly 
identical: logging equipment manufacture, operation, and maintenance, staging of equipment, 
harvesting operations, and processing of material on site and loading into trucks are included in 
both studies. The only difference is that this harvest did not require site preparation, which was 
included for Quinn et al., and best management practices were included within the other system 
processes in this case study, whereas BMPs were given their own process in the biomass 
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feedstock LCA. The differences between individual system process impacts were markedly 
higher than the variation between entire systems when comparing our findings to that of Quinn et 
al. (2020). The processes of equipment manufacturing, equipment staging, and chipping were on 
average 2 kg 𝐶𝑂2𝑒𝑞/tonne lower for our system compared to their results. Unfortunately, there is 
little information regarding the details of each harvest system analyzed within their study, 
weakening the comparisons that can be made between these assessments. A discrepancy this 
small, as our sensitivity analysis illustrates, could come from an explanation as simple as the 
productivity or efficiency of the comparative harvesting operations. The harvest for this study 
also occurred during the winter, which was not clarified in the other study. The global warming 
potential of kerosene combustion is .139 kg  𝐶𝑂2𝑒𝑞/L higher than for combusting diesel fuel, 
which would also partially explain why the emissions calculated in this case study are slightly 
higher if the other harvests did not occur during the winter, requiring kerosene. 
 The difference between the impact of clean chips and sawtimber derives principally from 
the additional processes of debarking and chipping that are not necessary for sawtimber. 
Conceptually this finding seems intuitive in that there is not only an additional machine required 
to produce clean chips, but the raw material itself must undergo a drastic physical transformation 
in which stems, weighing upwards of a metric ton, are turned into small pieces that, individually, 
weigh a few ounces. However, the placement of system boundaries can significantly influence 
analysis by excluding stages of the life cycle, which can misrepresent the true impacts of a 
product (Peñaloza et al. 2019). It should be made clear that these results only represent impacts 
from before the processing stage of the commodities’ life cycles. While our system boundary 
captures the entirety of the extraction process, it excludes further processing of clean chips and 
any processing of sawlogs. Without further investigation, we cannot confirm whether the 
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debarking and chipping process depicted in this study produces a greater GHG emission than the 
processing sawlogs undergo to produce lumber. (Note: when the logs are sawn into boards, the 
slabs off the logs are used to make clean chips which are sold to pulp mills) The more 
commanding differences in their climate impact will be the resulting biogenic carbon being 
stored in lumber for 50-100 years, whereas the paper will only provide benefits for 3-5 years. 
Irrespective of the comparative benefits of one product over the other, this judgement is not the 
purpose of this investigation, nor would it be an accurate way to interpret the results of an 
attributional LCA. 
 The attributed impact of sawlogs or chips is incomplete without a comparison to the 
reference land occupation of the spatial boundary. With land management activities such as 
forest harvesting, selection of the proper reference land occupation changes the impact of the 
system (Brander 2015; Helin et al. 2013; Soimakallio et al. 2015). A literature review of 700 
LCA publications was performed by Soimakallio et al. (2015), who found that there were 
generally four baseline references for land use: zero baseline, business as usual, natural or quasi-
natural steady state, and natural regeneration. The results for using natural regeneration can be 
difficult to accurately determine, but this reference land-use allows for attributing the foregone 
carbon sequestration to the product system. For lands that are managed to provide forest 
products, yet remain as timberland in perpetuity, natural regeneration most accurately describes 
the reference land-use. Quantification of the impact from foregone sequestration would require 
long-term measurements of sequestration rate of the site. Our LCA and results are accurate for a 
temporal window of the 31 days the harvest was occurring. Utilizing a conceptual model of the 
forest system, provided in Figure 2.16, would allow me to speculate on the possible impacts of 
the foregone carbon sequestration for a temporal window of an entire rotation or cutting cycle of 
69 
 
the forest, or an indefinite timeframe. In this discussion, the temporal boundary will be from the 
first day of harvesting until 2150, and I will assume no further harvesting is to occur.  
 
Figure 2.16. Carbon model depicting major carbon sinks and the observed physical flows 
produced from harvesting. 
 
 The forest was most recently harvested in 1954 with a shelterwood cut that left an 
overstory on site with a basal area of 16.3 m2/ha. Although a second harvest usually occurs after 
a shelterwood to remove the overstory, allowing the advance regeneration and understory to be 
released from competition, there is no record of a second cut. The understory proceeded to 
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regenerate to our pre-harvest levels. The overstory by now are likely all mature trees which are 
growing at a considerably slower rate than an adolescent cohort of the same species. The 
overstory would continue growing relatively slowly until trees begin to senesce, and understory 
trees grow to take their place. We predict that without further human intervention, this stand 
would reach a climax steady state by the year 2150. When forests reach advanced ages, the rate 
of ecosystem respiration, or release of carbon, begins to approach the rate of gross primary 
production, or the rate of carbon uptake driven by photosynthesis (Curtis and Gough 2018; 
Goulden et al. 2011; Pregitzer and Euskirchen 2004). The theory that old-age forests become 
atmospherically carbon neutral, meaning their rates of carbon uptake and release are equivalent, 
was originally posited by Odum (1969). While neither confirm that respiration and 
photosynthesis are a net wash in old temperate forest, both Curtis and Gough (2018) and 
Pregitzer and Euskirchen (2004) demonstrate that these forests accrue carbon at a higher rate for 
ages 10-100 compared to after 100 years of age, void of any major disturbances. This means the 
forest during the next 130 years would continue to accumulate carbon at a progressively slower 
rate, accounting for growth and decay of above and below-ground carbon. This latter detail is 
important to note, as Pregitzer and Euskirchen (2004) found soil carbon pools to increase 
continually with forest age, at least up to 200 years, the upward limit of forest ages in the study. 
Residence times for coarse woody debris of this species mix and climate ranges from 71-84 
years, with the half-life of 10 or 11 years, meaning about half of the carbon in the residual 
biomass will be released over the next decade (Russell et al. 2014). If dead wood decomposes 
nearly entirely within a century, yet the soil carbon content continues to increase throughout a 
200-year span, then it stands to reason that not all the carbon in the harvesting slash will enter the 
atmosphere and contribute to radiative forcing. The exact amount that will leave the forest 
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system through respiration by 2150 will ultimately depend on the completeness of decomposition 
and the proportion that becomes living biomass in fungal tissue or undergoes mineralization in 
the soil. A carbon deficit between respiration and photosynthesis is an empirically well-
established phenomena for stands developing from initiation following natural disturbance 
(Curtis and Gough 2018; Goulden et al. 2011). However, this harvest also left standing trees on 
site, and advance regeneration is expected within the next decade. By comparison to a natural 
stand replacing disturbance (i.e., fire in which the living biomass is converted mainly to 
atmospheric carbon, or major windthrow where all the living biomass becomes decomposing 
biomass on site), this disturbance is left living biomass that will continue to grow, immediately 
tempering the pulse of respiratory carbon into the atmosphere. Additionally, the living biomass 
was removed from the site in the form of biogenic carbon (Levasseur et al. 2012), both long- and 
short-term. The clean chips will become paper, which is considered to provide carbon storage 
benefits for 3-5 years. By removing this biomass off site, it delays the pulse of GHG into the 
atmosphere until the new cohort of trees will just become established and begin to grow at an 
increasing pace.  
 Considering how the forest would develop if no harvesting had occurred, our model 
would look similar, but without the reported physical flows of carbon. The sequestration rate 
would likely be relatively low, given the advanced age of the stand. Although it would 
admittedly be a much lower amount, there would still be a flux of living forest carbon into the 
dead and decomposing forest carbon over time. In the year 2150, assuming an absence of 
disturbance, a small movement of carbon from the atmosphere to the forest would be the only net 
flow in between the below-ground, above-ground, and atmospheric carbon pools. Re-examining 
the model with the forest harvesting flows of carbon, there is a movement of below ground to 
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atmospheric carbon, and a significant transformation of above-ground carbon from one form to 
another. Over the next 130 years, the sequestration rate will be, on average, much higher than the 
unharvested alternative. The determination of the impact of these products on this time-scale 
would therefore depend on the change in sequestration rate from an unharvested alternative, but 
if the biogenic carbon in the sawlogs continues to store carbon at the end of this period, it would 
mean that forest harvesting for long-term wood storage products could effectively siphon the 
carbon dumped into the atmosphere from fossil fuel consumption out of the atmosphere, 
assuming that the forest retains living biomass on site over the entire time-frame. Empirical 
evidence to support this claim would be the measurements of the annual rate of carbon 
sequestration for a mature and regenerating forest over the course of 130 years, and subsequently 
taking the difference of the Reimann sums of their growth functions to calculate the net loss or 
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 A suite of management actions have been established as effective tactics to reverse the 
ecosystem effects of BBD, albeit with varying degrees of efficacy and financial burdens. 
Shelterwood harvesting has shown potential for being a financially viable mechanism for 
landowners to deal with recalcitrant understories in BBD aftermath forests. The effectiveness of 
this method of beech removal from an ecological perspective is being studied, and will depend 
on the number of regenerating beech stems that develop in the coming years. This case study 
illustrates that loggers with mechanized harvesting systems are capable of generating a profit on 
BBD remediation harvesting, with the possibility of generating a enough return on investment to 
cover losses in equity.  
 The important caveat of these findings is that the viability of this method depends on the 
presence of quality sawtimber, the favorability in clean chip market prices, and the transportation 
distances to markets. Given the value of biomass chips for energy, it seems unlikely that loggers 
that have harvesting systems designed for dirty chips could fully cover their costs. The 
limitations of this case study are that the subject logger is relatively unique in that they own their 
own fleet of tractor-trailers to deliver their products. This adds a significant investment to the 
equation, but also complicated the logistics of the harvest itself. The logger used their trucks for 
other non-harvesting jobs simultaneously with the harvest, and notes among the skidder and 
loader operators explained that a bottleneck arose because of a lack of trucks. If anything, this 
should have artificially raised the costs because it lowered the utilization rate of several pieces of 
equipment and extended the necessary man-hours to complete the job. The significance of this 
impact is not understood, but any attempted correction could overestimate the financial outlook 
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of the job. This case study therefore provides a conservative estimate for the financial viability of 
this harvesting method.  
 The results of the life cycle assessment provide an objective account of the flow of 
materials during a forest harvest. Although the GHG emissions were a fraction of the carbon 
dioxide equivalence of the mass contained in the harvested raw materials, most of the global 
warming potential depends on the future land occupation of the study site, and whether it 
remains as forest. Given the goals for the land provided by the landowner, our reference land-use 
is natural regeneration, meaning there is no further anthropogenic sources of GHG moving 
forward. The transportation distance of the products is one of the most influential aspects of the 
system’s impact, a trend which is supported by the LCA literature. This suggests a robust forest 
products market, primarily for sawtimber and other long-term carbon storage vehicles, could 
dampen the environmental impact of harvesting by retaining several sawmills near timberlands. 
Another interpretation is that any forest products that are transported far enough over the course 
of their lifetime will emit more GHG than they are offsetting.  
 The total global warming potential of this harvest relies, in part, on the future conditions 
of the site. Not only does this mean the presence of forest, but also the degree of biodiversity and 
growth rate of the forest that is present, and whether or not the character of that future condition 
is comparably productive to the forest that would have remained without harvesting.  
These two case studies are presented here separately, despite a considerable overlap in 
the physical datasets of observed measurements. This is in order to increase their applicability to 
their respective differences in subject matter. By combining the study objectives, or conducting a 
techno-economic analysis, we would have assessed the carbon ramifications of BBD remediation 
harvesting specifically. Given the adverse affects on biodiversity and vigor of forests from BBD, 
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it is evident that any actions that effectively restore the ecosystem function of aftermath forests 
will therefore set the forest on a trajectory to store more carbon than it otherwise would have, 
along with other ecosystem benefits. More broadly, the need for consequential LCAs which 
delineate the carbon ramifications of invasive pests and pathogens and remediation itself is 
relatively insignificant. However, consequential LCAs between remediation methods may be an 
important undertaking as the impacts of invasive species is projected to increase, but these case 


















Machine Average Fuel Rate (L/hour) Hours Fuel Consumption (L)
Feller-Buncher 33.69 139 4683
Feller-Buncher 32.93 153.17 5044
Skidder 27.44 184.65 5068
Skidder 22.33 152.42 3404
Skidder 19.87 170.88 3396
Skidder 24.61 81.75 2011
Loader 23.66 141.58 3350
Loader 23.66 172.48 4081
Dozer 20.28 28 568
Grader 17.10 27 462
Excavator 30.66 50 1533
Utility Truck 13.52 112 1514
Fuel Rate (L/load) Loads
Chipper 66.24 150 9936
Fuel Rate (L/km) km
Tractor-Trailer 1.74 39645 68982
Machine Oil Capacity (L) Oil Consumption (L/hr) Oil Consumption (kg/hr) Hours Oil Subtotal (kg) Hydraulic Fluid (L) Fluid Mass (kg) Total Lubricant (kg)
Feller-buncher 26.5 0.106 0.092 153 14.2 75.7 66.6 80.8
Feller-buncher 22.7 0.091 0.079 139 11.0 75.7 66.6 77.6
Skidder 15.1 0.061 0.053 185 9.8 18.9 16.7 26.4
Skidder 18.9 0.076 0.066 152 10.1 18.9 16.7 26.7
Skidder 15.1 0.061 0.053 171 9.0 18.9 16.7 25.7
Skidder 18.9 0.076 0.066 82 5.4 18.9 16.7 22.1
Loader 18.9 0.076 0.066 142 9.4 75.7 66.6 76.0
Loader 18.9 0.076 0.066 172 11.4 75.7 66.6 78.0
Chipper 68.1 0.273 0.238 150 35.7 193.1 169.9 205.6
Bulldozer 24.6 0.098 0.086 28 2.4 56.8 49.7 3.0
Grader 24.6 0.098 0.086 27 2.3 143.8 124.4 3.7
Excavator 26.5 0.106 0.092 50 4.6 246.1 215.4 8.9
Utility Truck 6.6 0.026 0.023 112 2.6 2.6
Consumption (L/km) Consumption (kg/km) Kilometers










Parameter Min Base Max Units 
Feller-buncher Diesel 4863.58 4863.58 4863.58 L 
Feller-buncher Kerosene 4863.58 4863.58 4863.58 L 
Feller-buncher Lubricant 158.43 158.43 158.43 kg 
Fluid Density (kg/L at STP)
15w40 motor oil 0.8725
AW46 hydraulic fluid 0.88
30W motor oil 0.8754
10w30 (tractor fluid) 0.865
Ethylene glycol 1.11
Diethylene glycol 1.12
Machine Type Coolant Type System Volume (L) Antifreeze Volume (L) Antifreeze (kg) Ethylene Glycol (kg) Diethylene Glycol (kg) Mass over 5 Years (kg) Mass for 1 Month (kg) Total Mass by Machine Type
Feller-Buncher extended life 37.85 18.93 21.50 18.92 0.86 19.78 0.21 0.41
Skidder extended life 37.85 18.93 21.50 18.92 0.86 19.78 0.21 0.82
Loader extended life 37.85 18.93 21.50 18.92 0.86 19.78 0.21 0.41
Chipper extended life 49.21 24.61 27.95 24.60 1.12 25.72 0.27 0.27
Utility Truck extended life 4.73 2.37 2.69 2.37 0.11 2.47 0.03 0.03
Dozer green 37.85 18.93 21.34 20.48 0.00 20.48 0.21 0.21
Grader green 45.42 22.71 25.60 24.58 0.00 24.58 0.26 0.26
Excavator extended life 34.83 17.41 19.78 17.41 0.79 18.20 0.19 0.19
Tractor-Trailer extended life 45.42 22.71 25.80 22.71 1.03 23.74 0.36 1.98
Machine Tubes of Grease/Day Days USD of Grease
Feller-Buncher 1 30 67.50
Skidder 1 68 153.00
Loader 1 34 76.50
Chipper 1.2 19 51.30
Dozer 1 4 9.00
Grader 1 3 6.75
Excavator 1 6 13.50
Utility Truck 0.14 14 4.50
Tractor-Trailer 0.14 168 54.05
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Feller-Buncher Coolant 0.41 0.41 0.41 kg 
Feller-Buncher Grease 67.50 67.50 67.50 USD 
Feller-Buncher Hours 292.17 292.17 292.17 hrs 
Skidder Diesel 6693.62 6693.62 6693.62 L 
Skidder Kerosene 6693.62 6693.62 6693.62 L 
Skidder Lubricant 58.00 58.00 58.00 kg 
Skidder Coolant 0.82 0.82 0.82 kg 
Skidder Grease 153.00 153.00 153.00 USD 
Skidder Hours 564.95 564.95 564.95 hrs 
Sort/Slash Diesel 3502.34 3502.34 3502.34 L 
Sort/Slash Kerosene 3502.34 3502.34 3502.34 L 
Sort/Slash Lubricant 142.14 142.14 142.14 kg 
Sort/Slash Coolant 0.38 0.38 0.38 kg 
Sort/Slash Grease 72.45 72.45 72.45 USD 
Sort/Slash Hours 296.07 296.07 296.07 hrs 
Slash/Load Diesel 297.27 297.27 297.27 L 
Slash/Load Kerosene 297.27 297.27 297.27 L 
Slash/Load Lubricant 12.36 12.36 12.36 kg 
Slash/Load Coolant 0.03 0.03 0.03 kg 
Slash/Load Gease 6.30 6.30 6.30 USD 
Slash/Load Hours 25.75 25.75 25.75 hrs 
Chipper Diesel 4968.34 4968.34 4968.34 L 
Chipper Kerosene 4968.34 4968.34 4968.34 L 
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Chipper Lubricant 189.95 189.95 189.95 kg 
Chipper Coolant 0.27 0.27 0.27 kg 
Chipper Grease 51.30 51.30 51.30 USD 
Chipper Hours 171.28 171.28 171.28 hrs 
Dozer Diesel 283.91 283.91 283.91 L 
Dozer Kerosene 283.91 283.91 283.91 L 
Dozer Lubricant 2.96 2.96 2.96 kg 
Dozer Coolant 0.21 0.21 0.21 kg 
Dozer Grease 9.00 9.00 9.00 USD 
Dozer Hours 28.00 28.00 28.00 hrs 
Grader Diesel 231.00 231.00 231.00 L 
Grader Kerosene 231.00 231.00 231.00 L 
Grader Lubricant 3.66 3.66 3.66 kg 
Grader Coolant 0.26 0.26 0.26 kg 
Grader Grease 6.75 6.75 6.75 USD 
Grader Hours 27.00 27.00 27.00 hrs 
Excavator Diesel 766.54 766.54 766.54 L 
Excavator Kerosene 766.54 766.54 766.54 L 
Excavator Lubricant 8.93 8.93 8.93 kg 
Excavator Coolant 0.19 0.19 0.19 kg 
Excavator Grease 13.50 13.50 13.50 USD 
Excavator Hours 50.00 50.00 50.00 hrs 
Fuel/Maint Diesel 757.08 757.08 757.08 L 
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Fuel/Maint Kerosene 757.08 757.08 757.08 L 
Fuel/Maint Lubricant 2.59 2.59 2.59 kg 
Fuel/Maint Coolant 0.03 0.03 0.03 kg 
Fuel/Maint Grease 4.50 4.50 4.50 USD 
Fuel/Maint Hours 112.00 112.00 112.00 hrs 
Staging Diesel 871.38 871.38 871.38 L 
Staging Kerosene 871.38 871.38 871.38 L 
Staging Oil 7.79 7.79 7.79 kg 
Staging Coolant 0.17 0.17 0.17 kg 
Staging Grease 4.13 4.13 4.13 USD 
Chipper Staging Diesel 79.22 79.22 79.22 L 
Chipper Staging Kerosene 79.22 79.22 79.22 L 
Chipper Staging Oil 0.71 0.71 0.71 kg 
Chipper Staging Coolant 0.02 0.02 0.02 kg 
Chipper Staging Grease 0.38 0.38 0.38 USD 
Chip Delivery Diesel 10836.22 10836.22 10836.22 L 
Chip Delivery Kerosene 10836.22 10836.22 10836.22 L 
Chip Delivery Oil 96.91 96.91 96.91 kg 
Chip Delivery Coolant 1.98 1.98 1.98 kg 
Chip Delivery Grease 45.00 45.00 45.00 USD 
Log Delivery Diesel 535.77 535.77 535.77 L 
Log Delivery Kerosene 535.77 535.77 535.77 L 
Log Delivery Oil 4.79 4.79 4.79 kg 
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Log Delivery Coolant 0.18 0.18 0.18 kg 
Log Delivery Grease 4.50 4.50 4.50 USD 
Chip Tonnage 4893.94 4893.94 4893.94 tonnes 
Log Tonnage 500.89 527.01 559.93 tonnes 
Log Volume 99.52 99.52 99.52 MBF 
Chip Mass Fraction 0.91 0.90 0.90 
 
Log Mass Fraction 0.09 0.10 0.10 
 
Feller-buncher Mass 36425.00 36775.00 37125.00 kg 
4 Wheeled Skidder Mass 21865.00 21865.00 21865.00 kg 
6 Wheeled Skidder Mass 24720.00 24720.00 24720.00 kg 
Loader Mass 25445.00 26445.00 27445.00 kg 
Chipper Mass 44315.00 45631.00 46947.00 kg 
Grader Mass 17267.00 18634.00 20000.00 kg 
Dozer Mass 18750.00 19208.00 19665.00 kg 
Excavator Mass 30900.00 30900.00 30900.00 kg 
Maintenance Truck Mass 4082.33 4309.13 4535.93 kg 
Truck Mass 5443.00 6033.00 6622.00 kg 
Trailer Mass 4923.00 5075.00 5227.00 kg 
Feller-buncher Lifetime 15000.00 15000.00 15000.00 hrs 
Skidder Lifetime 15000.00 15000.00 15000.00 hrs 
Loader Lifetime 15000.00 15000.00 15000.00 hrs 
Chipper Lifetime 15000.00 15000.00 15000.00 hrs 
Grader Lifetime 5000.00 5000.00 5000.00 hrs 
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Dozer Lifetime 5000.00 5000.00 5000.00 hrs 
Excavator Lifetime 5000.00 5000.00 5000.00 hrs 
Maintenance Truck Life 321868.80 321868.80 321868.80 
 
Truck Life 15800000.00 15800000.00 15800000.00 Mgkm 
Trailer Life 15800000.00 15800000.00 15800000.00 Mgkm 
Chip Mass Transport 675363.24 675363.24 675363.24 Mgkm 
Log Mass Transport 36063.86 37944.72 40314.60 Mgkm 
Sugar Maple Proportion 0.66 0.66 0.66 
 
Yellow Birch Proportion 0.05 0.05 0.05 
 
White Ash Proportion 0.26 0.26 0.26 
 
Red Maple Proportion 0.02 0.02 0.02 
 
Black Cherry Proportion 0.01 0.01 0.01 
 
Basswood Proportion 0.00 0.00 0.00 
 
White Birch Proportion 0.01 0.01 0.01 
 
Sugar Maple Conversion 4.95 5.35 5.85 tonnes/mbf 
Yellow Birch Conversion 5.99 5.99 5.99 tonnes/mbf 
White Ash Conversion 5.03 5.03 5.03 tonnes/mbf 
Red Maple Conversion 5.40 5.40 5.40 tonnes/mbf 
Black Chery Conversion 4.76 4.76 4.76 tonnes/mbf 
Basswood Conversion 4.31 4.31 4.31 tonnes/mbf 
Red Spruce Conversion 4.08 4.08 4.08 tonnes/mbf 
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